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A high-resolution structure of a DNA–chromomycin–Co(II)
complex determined from pseudocontact shifts in nuclear
magnetic resonance
Miriam Gochin1,2
Background: The drug chromomycin-A3 binds to the minor groove of DNA and
requires a divalent metal ion for complex formation. 1H, 31P and 13C
pseudocontact shifts occurring in the presence of a tightly bound divalent
cobalt ion in the complex between d(TTGGCCAA)2 and chromomycin-A3 have
been used to determine the structure of the complex. The accuracy of the
structure was verified by validation with nuclear Overhauser enhancements
(NOEs) and J-coupling constants not used in the structure calculation. 
Results: The final structure was determined to 0.7 Å resolution. The structure
was compared with a structure obtained in an earlier study using NOEs, in
order to assess the accuracy of NOEs in giving global structural information for
a DNA complex. Although some basic features of the structures agreed, they
differed substantially in the fine structural details and in the DNA axis curvature
generated by the drug. The distortion of base-pair planarity that was observed
in the NOE structure was not seen in our structure. Differences in drug
orientation and hydrogen bonding also occurred. The curvature and elongation
of the DNA that was obtained previously was not found to occur in our study. 
Conclusions: The use of pseudocontact shifts has enabled us to obtain a high-
precision global structure of the chromomycin–DNA complex, which provides an
accurate template on which to consider targeting minor groove binding drugs.
The effect of such binding is not propagated far along the helix but is restricted to
a local kink in the axis that reverts to its original direction within four base pairs.
Introduction
High-resolution structural studies on DNA–drug com-
plexes are crucial for revealing DNA distortions caused by
drug binding, which might be used to design model tem-
plates in the search for new drugs. The antitumor anti-
biotic chromomycin-A3 has been studied extensively in its
complexes with G–C-rich DNA [1–6]. A detailed nuclear
magnetic resonance (NMR) structure of the DNA duplex
d(AAGGCCTT)2 bound to chromomycin in the presence
of Mg2+ [3] revealed that two chromomycin molecules
bind as a Mg2+-coordinated dimer in the minor groove at
the central (GGCC)–(GGCC) segment. In addition to a
widening of the minor groove to accommodate the drug
dimer, study of the structure and helical parameters
revealed a DNA that was unwound, elongated and sub-
stantially bent compared with canonical B-DNA. The four
inner bases appeared to adopt A-like conformations. The
central four base pairs were severely distorted in base-pair
planarity and rise. Backbone torsion angles, with the
exception of δ(C(4′)–C(3′)), were not defined by the NMR
data but did not appear to adopt any unusual conforma-
tions. In intact cellular DNA, the drug-induced unwinding
and bending would be propagated along the helix with
potentially important biological consequences. The study
also revealed several intermolecular hydrogen bond and
hydrophobic contacts that were crucial for sequence-spe-
cific recognition by the drug.
We have recently established the methodology for apply-
ing pseudocontact shift restraints as structure determi-
nants and applied a simulated annealing protocol using
pseudocontact shifts to solve the structure of the complex
d(TTGGCCAA)2 with chromomycin-A3 and a divalent
cation [7]. The pseudocontact shifts were used to impose
global positional restraints on individual 1H and 31P atoms,
independent of neighboring proton density. This enabled
high definition of the DNA where proton density is low
and nuclear Overhauser enhancements (NOEs) often
inadequate. The structures that we obtained demon-
strated extremely high precision, and in the case where
only pseudocontact shifts were used during refinement,
were shown to agree with most of the observed NOEs.
Unexplained residual NOE violations were observed for
contacts between the DNA and the drug at the A7(17)
ribose. However, key constraints (i.e. the chemical shifts
of the A7(17) H5′ and H5′′ protons in the Co form of the
complex) were missing during this refinement. In the
present study we have included 13C pseudocontact shifts
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in order to further test and refine the structure. Analysis of
the 13C spectra has enabled assignment of the A7H5′(Co)
and A7H5′′(Co) protons, and corrected a misassignment of
the A7H4′(Co) proton, yielding localized changes in struc-
ture at the A7(17) backbone that completely eliminate
previously observed NOE versus shift discrepancies. The
13C pseudocontact shifts were used to assign or confirm
stereospecific assignments for the geminal proton pairs
H5′/H5′′, H2′/H2′′ and H2a/H2e throughout the complex.
13C pseudocontact shift restraints were also examined for
anchoring the aliphatic sidechain, the exact position of
which was not determined in the previous study.
In this paper, we describe the results of the pseudocontact
shift refinement, and demonstrate compatibility of the
final structures with NOE and J-coupling data that was
not included at the refinement stage. We also compare the
structure we have obtained from pseudocontact shift
annealing with that obtained earlier from relaxation matrix
refinement of more than 2000 NOEs and J-coupling con-
stants [3]. The structure we obtain does not contain the
distorted base-pair planes or large curvature that was seen
in the NOE structure. We will show that the ability of
pseudocontact shifts to give long range structural informa-
tion also illustrates that the short-range NOEs are not able
to define the global structure of the DNA correctly, or that
bias is introduced in the interpretation of the NOEs and
J-couplings, leading to erroneous results.
Results
The DNA residues are numbered 1–8 from the 5′ end for
the first strand, and 11–18 for the complementary strand.
The chromomycin chemical structure and residue num-
bering is shown in Figure 1.
Resonance assignments
13C resonance assignments were made and 1H stereospe-
cific assignments confirmed from 13C–1H heteronuclear
multiple-quantum correlation (HMQC) spectra. Figure 2
shows a 30 ppm × 9ppm region of the 13C–1H HMQC
spectrum encompassing the C1′, C3′, C4′ and C5′ region
in the 13C dimension, the full proton dimension for the
zinc form, and a portion of the 1H spectrum in the cobalt
form. Peaks were readily identified by correlation to
known proton chemical shifts. In the zinc spectrum, the
shifts occur in predictable regions both in the 13C and 1H
dimensions, as shown by the boxed regions in Figure 2.
The 13C pseudocontact shift caused by cobalt is a fraction
of the 13C diamagnetic shift in most cases, because of the
large chemical shift range for 13C; thus 13C resonances in
the cobalt spectrum are not greatly perturbed from their
usually observed positions. For 1H, the pseudocontact
shifts dominate the total shift in many instances, because
the diamagnetic shift range is much smaller. An example
of this can be seen in Figure 2 for the C5′ resonances that
occur between 66–69 ppm in the zinc form. They are
spread to between 61 and 72 ppm in the cobalt form. The
H5′ and H5′′ protons that cover less than 1 ppm in the
zinc complex span a range of 12 ppm in the cobalt
complex (full range not shown in Figure 2). This effect
has the tendency to spread out the resonances in the
HMQC(Co) spectrum. 
C5′ and C2′ carbons on the DNA as well as C2 carbons on
the drug sugar moieties can be easily identified as pairs of
peaks in the HMQC spectrum at the same 13C frequency,
as illustrated in Figure 2. This enabled a ready identifica-
tion of the A7H5′ and H5′′ protons that had not been
unequivocally identified from the earlier 1H NMR
studies. In addition, analysis of the HMQC spectra
revealed that two 1H resonances had been previously mis-
assigned. These are resonances at 9.14 ppm and 5.95 ppm,
previously thought to correspond to the D-sugar axial
proton H2a and the A7H4′ proton. A cross-peak between
the D-sugar equatorial proton at 13.46 and D-C2 at
56.8 ppm was observed in the HMQC spectrum, but the
second peak of the pair expected at (9.14, 56.8) was not
observed, although it is expected to be a sharper reso-
nance. Additionally, an unidentified resonance at (9.14,
97.3 ppm) was observed in the C4′ region of the Co spec-
trum. It became clear that this peak corresponded to the
A7C4′–H4′ resonance. The A7H4′ and D-H2a protons
were easily confused because they are very close in space
(< 2 Å) and make the same NOE contacts (to other A7
ribose protons and D-sugar protons). The correlated spec-
troscopy (COSY) correlation is missing for the D-H2a/H2e
pair, because of line-broadening effects. It was also found
that, upon addition of 13C pseudocontact shifts into the
simulations, it was not possible to reconcile calculated
shifts with an observed A7H4′(Co) of 5.95 ppm.
13C chemical shifts were used to ascertain whether the
stereospecific assignments of geminal protons was correct.
In an intermediate simulation step, the pseudocontact shifts
of all geminal proton pairs were removed (with the excep-
tion of C5 H2′, H2′′ and C6 H2′, H5′ and H5′′, which were
retained to provide anchoring because of the absence of
C5C2′, C6C2′ and C6C5′ shifts). All 13C chemical shifts
were introduced in a series of six molecular dynamics simu-
lations (see the Materials and methods section). Resulting
structures were minimized and the observed pseudocontact
shifts for geminal proton pairs were compared with those
calculated in the new structures. The results are provided in
the Supplementary material Table S1, for one of the six
simulation results. By matching predicted with observed
paramagnetic shifts, it was possible to confirm stereospecific
assignments for 18 of the 21 possible H2′/H2′′, H5′/H5′′ and
H2a/H2e geminal protons in the cobalt form, and for 15 of
them in the zinc form. For the rest, the chemical shift differ-
ence between the two protons of the geminal pair was too
small for the pseudocontact shift calculation to discriminate
between them, and therefore the assignment does not affect
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the final structure calculation. The results for the D-sugar
H2a and H2e protons are striking and reveal that the reso-
nance originally assigned to D-H2e (Co) is actually D-H2a
(Co), whereas D-H2e (Co) is a previously unidentified reso-
nance at 23.18 ppm. The only other change in stereospecific
assignment was a switch of the assignment of the A7H5′ and
A7H5′′ protons in the zinc spectrum. These changes have
been made to assignment data deposited at the Biomagnetic
Resonance Data Bank, and are also included in Tables S2
and S3 of the Supplementary material.
Structure calculations
A total of six families of ten structures each were calculated
for three different starting conditions (see the Materials and
methods section) using data sets that consisted of pseudo-
contact shifts alone or shifts plus NOEs as experimental
constraints. The original starting structures differed from
each other by 2–3 Å. After refinement, structures within a
given family deviated by less than 0.43 Å from each other,
and the different families converged to within 0.73 Å of the
final average structure (Table 1). Low NOE violations in
shift-based structures (structures determined using pseudo-
contact shifts as experimental restraints) were completely
removed in shift + NOE-based structures (structures deter-
mined using both pseudocontact shifts and NOEs as the
experimental restraints), with little effect on the agreement
of pseudocontact shift data or on the final structure. In shift-
based structures, some shift violations for protons of the ter-
minal base pairs and at the backbone of T2–G3 occurred.
The introduction of NOEs caused some increased viola-
tions in pseudocontact shifts of 1H and 13C atoms in the
ribose rings of T2 and G3. NMR line-broadening studies
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Figure 2
13C–1H heteronuclear multiple quantum coherence spectra of d(TTGGCCAA)2 complexed with chromomycin and cobalt (left) or zinc (right).
Spectra were recorded at 500 MHz and 25°C.
Figure 1
The chromomycin chemical structure showing
the  residue numbering.
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have revealed a secondary site for weak metal binding
between T2 and G3, with selective line-broadening
observed of the T2 methyl group, the aromatic H8 proton
of G3, the phosphate group between T2 and G3 as well as
for several T2 and G3 ribose protons, upon addition of
excess Co2+. Although shifts associated with metal-binding
at this site are small, slight local structural and hence dia-
magnetic shift differences might occur upon metal binding.
Although care was taken to avoid excess cobalt in the para-
magnetic sample, a slight excess of zinc was present in the
diamagnetic sample.
Adding 13C pseudocontact chemical shifts to the simula-
tion imposes stringent positional requirements, fixing the
13C and attached 1H position at each measured carbon
atom, and therefore determining the rotation along the
bond attaching that carbon to the framework. A compari-
son of observed 13C pseudocontact chemical shifts with
those calculated for structures determined using 1H and
31P data only [7], gave a root mean square deviation (rmsd)
of 1.27 ppm over a 13C shift range of 32.32 ppm. Most of
this error arose from the incorrect positioning of A7C4′ and
D-C2 because of the erroneous proton assignments of
A7H4′ and D-H2a/H2e (see above). Excluding these
shifts from the analysis gave an rmsd of 0.70 ppm. After
incorporating 13C shift data into the simulations, the rmsd
of 13C shifts changed to 0.44 ppm, whereas that of
1H + 31P shifts remained unchanged at 0.31 ppm.
The correction of A7H4′ and D-H2a/H2e proton assign-
ments removed all discrepancies previously found
between NOEs and pseudocontact shifts at the A7
ribose–D-sugar interface in shift-based structures [7]. A
subset of violated NOE constraints still exists, however,
for structures determined with pseudocontact shifts only.
This subset is dominated by NOE violations involving
protons of the aliphatic sidechain attached to the chromo-
mycin chromophore (~20 violations per structure). This is
a region that could not be well-defined by NOEs. Pseudo-
contact shift violations occur in this region in all simula-
tions, whether or not NOE restraints are added, which
indicates that motional averaging is probably occurring. As
we will show below, a possible position of the sidechain
could be established by using a combination of pseudo-
contact shift data, NOE data, as well as the absence of
NOE data between specific protons.
Virtually all of the remaining NOE violations involved
protons of the terminal base pairs or the terminal sugar
moieties of the drug, and these could be attributed to
‘fraying’ or end effects. Motionally averaged pseudocontact
shift values and NOE restraints cannot be reconciled.
Discussion
Quality of the final structure
The use of pseudocontact shift restraints has allowed the
structure of the DNA and drug molecules of this complex
444 Structure 2000, Vol 8 No 4
Table 1
Analysis of MD simulations of the structure of d(TTGGCCAA)2–chr2–Co(II).
NMR restraints
Total no. of NOE restraints (strong—medium—weak) 788
No. of 1H pseudocontact shift restraints 228
No. of 31P pseudocontact shift restraints 14
No. of 13C pseudocontact shift restraints 160
Range of pseudocontact shifts (ppm) 87.92
Empirical restraints
Hydrogen-bonding restraints 20
Co–O distance restraints 4
Structural statistics Shift* Shift + NOE†
rmsd of NOE violations (Å) 0.29 ± 0.01 0.035 ± 0.004
No. of NOE violations 45 ± 1 0
Rmsd of pseudocontact shift violations 0.36 ± 0.01 0.40 ± 0.04
No. of shift violations 53 ± 4 64 ± 7
Pairwise rmsd over all nonhydrogen atoms‡ All§
Shift# 0.63 (0.56) 0.99 (0.90) 0.81 (0.74)
Shift + NOE¶ 1.12 (1.03) 0.68 (0.61) 0.90 (0.82)
All¥ 0.75 (0.69) 0.70 (0.63) 0.73 (0.66)
Rmsd from ideal geometry
Bond lengths (Å) 0.017 ± 0.001 0.019 ± 0.001
Bond angles (°) 3.21 ± 0.11 4.08 ± 0.30
Improper angles (°) 4.49 ± 0.11 4.03 ± 0.15
*Three pseudocontact shift-restrained minimized average structures.
†Three pseudocontact shift + NOE-restrained minimized average
structures. ‡Atomic root mean square (rms) differences in Å; numbers
in parentheses exclude terminal base pairs. §Six minimized average
structures (*,†). #Average shift-based structure. ¶Average shift + NOE-
based structure. ¥Average overall structure.
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to be resolved to a higher degree than was previously pos-
sible using NOEs. In addition to the low overall rmsd
between final structures (Table 1), high definition of
essentially all but the terminal base pairs of the DNA was
obtained. Figure S1 in the Supplementary material illus-
trates the resolution obtained per base for 24 structures
superimposed at the central six base pairs of the DNA.
Pseudocontact shift restrained molecular dynamics (MD)
gives structural resolution for the bases and backbone of
DNA that is as good as and sometimes better than pseudo-
contact shift + NOE-restrained MD, and that is vastly
superior to NOE-restrained MD. For two of the bases
(T2, G3) there is a clear difference in the backbone struc-
ture for the shift versus shift + NOE structures. This
might arise from loose divalent metal ion association at
this location, as mentioned earlier. Some conformational
variation at the C6C5′ and C6P positions is apparent,
despite the large pseudocontact shift values at these posi-
tions (–9.4 ppm at C6P; –21.8, –45.4 ppm at C6H5′, H5′′).
All conformers fit equally well to the data. There are also
indications that the C6 ribose ring adopts multiple confor-
mational states (see below).
In addition to the high precision of structure determina-
tion, accuracy was ascertained by compatibility with
NOEs and J-coupling constants not used in the shift-
based structure determination. Verification of the accuracy
will be given below.
Details of the final structure
We have compared the structure with an earlier NOE-
derived structure, 1d83 [3], in which a large number of
NOE restraints (>2000, compared with 788 available in
the current work) were applied to the structure determina-
tion. In many instances, NOEs are insufficient to define
the long-range structure of DNA, so it is interesting to
observe whether the NOE-refined structure corresponds
closely to our new structure.
The broad structural features of the newly refined
DNA–drug complex are compatible with those found in
the earlier refinement. These include observation of
A-like sugar puckers for the central segment of the DNA
and a widened minor groove to accommodate two chromo-
mycin molecules that are arranged end-to-end in an
extended conformation. High-resolution details and the
global fold of the two structures, however, turn out to be
quite different. The rmsd between the two structures is
1.85 Å (1.55 Å excluding terminal base pairs), and the best
fit calculated axial susceptibility anisotropy for the two
structures differs by 33%, reflecting a difference in the
degree of elongation of the complex in the two structures.
Figure 3 shows a view into the minor groove, illustrating
the difference in both shape of the DNA and drug orienta-
tion in 1d83 compared with the newly refined structure.
DNA helix and base-pair structure
Figure 4a shows a close-up of the central
(GGCC)–(GGCC) segment in 1d83. The base pairs are
severely distorted, with a stagger of 2.2 Å between the
base plane of G4(14) and C15(5) and a buckle of 35°
between G3(13) and C16(6) (Table 2). There is no buckle
or stagger of base pairs in canonical B- or A-DNA. The
distortion causes an apparent rise from G3 to G4, G4 to
C5, and C5 to C6 of over 5.6 Å, compared with 3.4 Å in
canonical B-DNA or 2.56 Å in A-DNA (Table 3). An axis
curvature of 15° occurs in this segment. The global effect
of this distortion is seen in Figure 5. 1d83 is 2.2 Å or 4.8 Å
longer between the penultimate base pairs than B-DNA
or A-DNA, respectively. The large curvature of the axis is
plainly visible, and results in a change in direction of the
DNA axis of ~90° over the eight-base-pair segment.
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Figure 3
(a) View into the minor groove of 1d83 and
(b) the minimized average structure obtained
from pseudocontact shift + NOE refinement.
The DNA is represented as a molecular
surface, with bases and the backbone shown
in green and magenta, respectively, for (a)
1d83, and in cyan and red, respectively, for
(b) the shift-based structure. Chromomycin is
shown as a stick figure bound in the minor
groove, and is orange in 1d83 and yellow in
the shift-based structure.
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In contrast, Figure 4b shows the same central
(GGCC)–(GGCC) segment in d(TTGGCCAA)2 deter-
mined using pseudocontact shift restraints (with or
without NOEs). The structure shows no to minimal dis-
tortion in base-pair planarity and rise, compared with
B-DNA (Tables 2 and 3). According to this structure, the
apparent effect of drug binding is to cause a kink in the
DNA axis (Figure 5), with little effect on the overall cur-
vature or length of the DNA. The DNA axis is essentially
unchanged in direction following the site of drug binding.
In Tables 2 and 3, it is apparent that the helical parame-
ters for the shift-based structures do not reflect any
unusual distortion of the DNA. There is no change in the
base-pair rise, which lies somewhere in between that for
A- and B-DNA. The DNA is very slightly untwisted com-
pared with canonical forms. On the whole the base pairs
retain the expected planarity, although slightly enhanced
propeller twists are observed. Quite a different picture is
presented for the PDB structure, 1d83, which is untwisted
at the A2/G3 and C6/T7 steps and elongated in the central
GGCC segment. Significant distortion of base-pair pla-
narity and alignment is observed. 
In the shift-based structure, accommodation of the chro-
momycin in the minor groove leads to a wider (by 2.5 Å)
and shallower (by 1.5 Å) minor groove relative to B-DNA.
In addition, the major groove appears to be about 4 Å
wider. This gives rise to a DNA that is 3–4 Å wider than
canonical DNA.
DNA sugar conformation 
Table 4 reports the observed J1′2′, J1′2′′ and J3′4′ coupling
constants for the sugar protons in the DNA–chromomycin
complex with Zn2+. J1′2′ and J1′2′′ were measured directly
from exclusive COSY (E.COSY) lineshape patterns in the
zinc form, and a range of J3′4′ was estimated from the
relative intensity of the H3′–H4′ cross-peaks in the
COSY(Zn) spectrum. The values J1′2′, J1′2′′ and J3′4′ reflect
sugar pucker, and can distinguish between a C2′-endo
sugar pucker (P ≈ 190°, δ = 156°), found in B-DNA, and a
C3′-endo pucker (P ≈ 13°, δ = 83°) found in A-DNA [8].
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Table 2
Global base–base helical parameters for the DNA in the final DNA–drug complex structures*.
Residue Stagger (Å) Buckle (°) Propeller twist (°) Shear (Å)
Shift 1d83 Shift 1d83 Shift 1d83 Shift 1d83 
structure† structure‡ structure† structure‡ structure† structure‡ structure† structure‡
T1–A18 –0.4 ± 0.1 –0.8 8 ± 13 –18 –21 ± 8 –38 0.2 ± 0.1 0.1
T2–A17 –0.5 ± 0.1 0.0 1 ± 6 8 –19 ± 4 –18 –0.1 ± 0.1 0.7
G3–C16 0.2 ± 0.1 0.3 –4 ± 3 35 –6 ± 6 –6 –0.3 ± 0.3 –0.6
G4–C15 0.2 ± 0.1 2.2 1 ± 2 12 –22 ± 2 –26 0.3 ± 0.1 –0.3
C5–G14 0.3 ± 0.2 2.2 1 ± 3 –12 –22 ± 2 –25 –0.2 ± 0.0 0.3
C6–G13 0.1 ± 0.3 0.3 4 ± 3 –35 –1 ± 6 –4 0.1 ± 0.3 0.7
A7–T12 –0.4 ± 0.4 0.0 –2 ± 9 –8 –19 ± 6 –18 0.1 ± 0.1 –0.6
A8–T11 –0.2 ± 0.2 –0.8 –9 ± 11 18 –16 ± 10 –33 0.2 ± 0.1 0.0
A-DNA 0.19 0 13 0
B-DNA 0.06 0 4 0
*Obtained using Curves 5.1 [17]. †Average of the six minimized average structures determined using shift or shift + NOE restraints (see text). ‡PDB
structure previously published (see text).
Figure 4
The central four base pairs G3–C6,
G13–C16 of the DNA in the complex with
chromomycin-A3 and divalent metal in (a) the
original published PDB structure 1d83 and
(b) the new shift-based structure. Backbone
atoms are shown in light grey and bases in
dark grey.
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In the refinement of 1d83, the J-couplings were converted
into ranges of the torsion angle δ and used to restrict the
backbone torsion angles. In our case, we have used the 
J-couplings as a test of the validity of the refined struc-
tures based on pseudocontact shift, as the J-couplings
were not required for refinement. The sugar puckers
obtained in the refined minimized average structures are
in Table 4. Also included in Table 4 are the glycosidic
torsion angles which also reflect A- or B-like character.
Table 4 demonstrates several features. Firstly, as gener-
ally observed in DNA structures, the coupling constants
do not support the existence of a single conformer, but
rather a mixture of C2′-endo and C3′-endo conformers,
corresponding to sugar repuckering in the DNA back-
bone. As was observed previously [3], the central base
pairs, especially G3–C5, reflect a greater proportion of the
A-like C3′-endo sugar conformation. In a refined single
conformer structure, the pucker is represented by a single
value. The values obtained for the shift-based structures
are consistent with the J-coupling data with the exception
of the terminal bases. The observed pseudorotation angle
P and torsion angle δ in the shift-based structures agree
with the observation of A-like J-couplings for G3,G4 and
C5. The C6 ribose does not have a unique pucker in all
six structures, and this, coupled with the observed low
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Table 3
Global inter-base-pair twist and rise parameters for the DNA in the final structures*.
Step Twist (°) Rise (Å)
Shift structure† 1d83 structure‡ Shift structure† 1d83 structure†
T1/T2 33 ± 2 33 3.2 ± 0.4 3.5
T2/G3 33 ± 2 19 3.2 ± 0.2 3.5
G3/G4 30 ± 6 30 3.4 ± 0.2 5.7
G4/C5 26 ± 2 31 3.2 ± 0.1 5.7
C5/C6 30 ± 2 30 3.6 ± 0.2 5.7
C6/A7 34 ± 3 19 3.2 ± 0.1 3.5
A7/A8 35 ± 4 33 3.1 ± 0.5 3.5
A-DNA 32.8 2.6
B-DNA 36.0 3.4
*Obtained using Curves 5.1 [17]. †Average of the six minimized average structures derived from three initial conditions and two data sets (see text).
‡PDB structure previously published (see text).
Figure 5
DNA helix axis representation for the DNA in
the complex with chromomycin-A3 and
divalent metal in the original PDB structure of
(a) d(AAGGCCTT)2 and (b) the shift-based
structure of d(TTGGCCAA)2. Axes were
calculated using Curves 5.1 [17]. Also
indicated is the distance between penultimate
base pairs of each DNA segment.
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amplitude of pucker and unusual pseudorotation angle, is
highly suggestive of significant repuckering occurring at
this residue. The C6H2′′ and C6H1′ proton pseudocon-
tact shifts were not obtained and their absence might con-
tribute to the lower definition of the C6 sugar pucker.
Glycosidic torsion angles are also closer to A-DNA values
for G3, G4 and C5, while lying in an intermediate range
between A- and B-DNA for the other residues.
Secondly, the terminal bases, especially A8, show a range
of puckers in the final structures, and correspondingly large
standard deviations in P, δ and χ. Although the J-coupling
constants predict these residues to be primarily B-like,
they are found to be A-like in the final structures. It is
probable that the single conformer representation is inade-
quate for the terminal bases. It should also be noted that a
number of shift violations remain for the terminal bases in
the shift structures. It is not possible to satisfy these con-
straints because they are subject to motional averaging.
Orientation of the chromomycin with respect to the DNA
In 1d83, the C–D–E trisaccharide segment is extended and
stabilized by hydrogen bonds between sugar hydroxyls and
adjacent sugar oxygen atoms. The aromatic portion of the
chromophore of one monomer is stacked on the C–D gly-
cosidic segment of the other. The hydrophilic sidechain of
the chromomycin could not be defined by NOEs, but was
postulated to align opposite the C5–C6 sugar–phosphate
backbone and be stabilized by hydrogen bonds from the
C3′–OH and C4′–OH to T7P and C6P oxygen atoms.
Figure S2 in the Supplementary material shows the chro-
momycin orientation with respect to DNA in a superposi-
tion of the original published structure with the
minimized average shift + NOE-refined structure. In both
the shift and shift + NOE structures the orientation of the
drug with respect to the DNA is identical, that is the
NOEs do not conflict with the positioning of the drug dic-
tated by the shift restraints. A similar extended orientation
of the glycosidic segments to that in the PDB structure
1d83 is observed, but the orientation with respect to the
DNA is somewhat different. The orientation of the
B-sugar, which was not well defined by NOEs in the origi-
nal structure, was found to be different when defined by
pseudocontact shifts. 1d83 is in violation of observed
NOEs between the methyl group on the B21 sugar and (1)
the backbone H5′ and H5′′ protons of G14, and (2) the
A22 sugar H4 proton. The shift and shift + NOE struc-
tures do not have these NOE violations. 
The C–D–E trisaccharide segment does not appear to be
as buried in the minor groove in our structure as it is in the
PDB structure, 1d83. The steric interaction between the
two methyl groups, E34(C6) and the chromophore
chr23–C7 methyl, with G13 and G14 appears to distort the
G13 and G14 base planes in 1d83 (Figure 6a). The
E34(C6) methyl is in quite a different orientation with
respect to G13 in the shift structures, and E34 is more than
1 Å further away from the G13 N3 and N2 atoms, which
line the minor groove. This is partly because of a reduced
twist between T12 and G13 in 1d83 (19° versus 31°) that
leads to the G13 base protruding out more into the minor
groove. This also forces the O–(CO)–CH3 group on the
E-sugar to adopt a different conformation in 1d83 versus
the shift structures, because of van der Waal’s contacts.
Similarly, the O–(CO)–CH3 group on the A-sugar adopts a
different conformation in these two structures. The van
der Waal’s surfaces are shown in Figure 6a to demonstrate
the hydrophobic interaction between G3, G4 and the
methyl groups of A, E and the chromophore.
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Table 4
J-coupling constants* and ranges of pseudorotation P, amplitude, torsion angle δ, and glycosidic torsion angle χ.
Residue J1′2′ J1′2′′ J3′4′ Predicted† Observed‡§ Observed Observed χ
conformation P ampl δ‡§ ‡§
T1 7.2 6.8 under HDO 60% B 27 ± 5 43 ± 2 81 ± 2 217 ± 11
T2 8.2 6.0 2–4 85% B 158 ± 4¶ 39 ± 1 144 ± 4¶ 218 ± 11
G3 5.0 6.0 4–6 A-like 76 ± 2¶ 38 ± 1 91 ± 1¶ 207 ± 7
G4 4.1 4–6 A-like# 47 ± 2 44 ± 1 85 ± 2 185 ± 2
C5 2.5 2.6 4–6 A-like# 50 ± 12 46 ± 3 84 ± 5 191 ± 4
C6 5.6 7.4 under HDO 60% A 226 ± 20¥ 16 ± 2¥ 127 ± 10 219 ± 4
A7 9.4 5.4 not seen B 144 ± 4 44 ± 3 131 ± 5 241 ± 4
A8 7.6 6.4 2–4 70% B 4 ± 7¶ 36 ± 1 –35 ± 8 241 ± 6
A-DNA 1.8 8.0 8.1 13 36 83 206
B-DNA 9.8 5.7 1.0 192 39 156 262
*Coupling constants determined from E.COSY experiment, with
error ± 1 Hz, or from relative intensities in the DQFCOSY experiment
(see text). †Predicted from J1′2′, J1′2′′ and J3′4′. ‡Averaged over six
minimized average structures derived from three initial conditions and
two data sets (see text), except where indicated by ¶ averaged over
three structures derived using a data set containing shifts alone; ¥
consensus of four out of six structures. §Pseudorotation angle P, δ
(torsion angle C5′-C4′-C3′-O3′), and χ (torsion angle O4′-C1′-N1(9)-
C6(8)) measured in degrees. #Based on J1′2′ and J3′4′.
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Hydrogen bonding and recognition
Hydrogen bonding plays a key role in the specificity of
chromomycin for a 5′-GC step, and in the orientation of
the drug in the minor groove [3] . In particular, the G3 and
G4 non-base-paired amino protons, the chromophore C8
hydroxyl, and the hydroxyl groups in the C, D and E
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Figure 6
Detailed regions of the structure of the DNA
with chromomycin-A3. (a) A segment
G13–G14–C15 of DNA and parts of the
chromophore residue chr23, as well as A
sugar A22 and E sugar E34 of the drug, drawn
to illustrate the steric interaction of methyl
groups on the drug. On the left is 1d83 in
magenta (DNA backbone), green (bases) and
orange (drug) and on the right is the shift-
based structure in red (DNA backbone), cyan
(bases) and yellow (drug). (b) Hydrogen-
bonding network between the C36, D35, E34
trisaccharide segment of one drug molecule
and the A22 sugar of the second, as well as to
the non-hydrogen-bonded amino protons on
G13 and G14. Only exchangeable protons
involved in hydrogen bonds appear explicitly.
Protons shown in yellow are slowly exchanging
in the NMR. Carbon atoms shown in green
have attached protons that exhibit NOEs to
D-HO4 in Figure 7. All other atoms are color
coded in grey (carbon, phosphorus), red
(oxygen), blue (nitrogen) and white (hydrogen).
On the left is the hydrogen-bonding in 1d83,
and on the right in the shift-based structure
(see text). Hydrogen bonds are drawn for
distances of less than 2.5 Å. (c) Superposition
of three shift + NOE based minimized average
structures (see text) at the chromophore ring
atoms of chr33, in order to demonstrate
sidechain orientations consistent with all data.
Possible hydrogen bonds between
chromophore sidechain HO4′ and a phosphate
oxygen at the C5–C6 step, and between the
sidechain HO3′ (one structure only) and a
phosphate oxygen at the C6–A7 step are
shown. Atoms are color coded as in (b).
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sugars and in the aliphatic sidechain of the chromomycin
have been implicated in hydrogen bonding in the PDB
structure, 1d83. For the Co2+ complex, many of these key
exchangeable protons are expected to be shifted out of the
main envelope of the spectrum, and hence be readily
observable in the H2O spectrum if they are in slow
exchange. We therefore looked for the G3 and G4 non-
base-paired amino protons, expected at 12.5 and
18.7 ppm, and the hydroxyl groups of the C, D and E
sugars, expected at 16, 15 and 7 ppm in the Co2+ spec-
trum. The aliphatic sidechain hydroxyls would be
expected between 0 and –2 ppm. The chromophore
C8–OH is so close to the Co2+ that it is expected to be
extensively broadened and subject to contact shifts. It was
not located. It occurs at 15.5 ppm in the diamagnetic Zn2+
complex, however, and is clearly in slow exchange.
Of these potentially hydrogen-bonded protons, we
observe only the G3 and G4 non-base-paired amino
protons at 13.09 and 18.44 ppm, and the D-sugar HO4
proton at 14.63 ppm (Figure 7) [9] D-HO4 makes very
strong NOE contacts (Figures 6b,7) to protons on the D
and E sugars of the same monomer, and the A sugar of the
second monomer, and anchors the sugar units of the two
drug molecules. Figure 6b demonstrates the structure
around the D-HO4 proton and the hydrogen bonding.
Exchangeable protons in slow exchange are shown in
yellow. The carbon atoms with attached protons that
make NOE contact with D-HO4 are shown in green. All
of these protons lie within 4.3 Å of D-HO4 in the shift-
based structure. This is our second example of a validation
of the shift-derived structures, in this case by cross-check-
ing against NOEs that were not used in the refinement.
All protons expected to show an NOE to D-HO4 indeed
do so. At the same time, we observe that 1d83 does not
conform to the NOEs to D-HO4. The A-sugar of the
second monomer is too far away in 1d83 to allow observa-
tion of NOEs from D-HO4 to the acetyl group of A (6.4 Å
away) or to the H6 methyl group of A (6.5 Å away). Also
the H6 methyl group of the adjacent E-sugar does not
show an NOE to D-HO4, and although it is 4.8 Å away in
the shift structure, it is only 4.3 Å away in 1d83. It is likely
that NOEs to D-HO4 were not included in the refine-
ment of 1d83, because D-HO4 occurs in a very crowded
region of the diamagnetic spectrum, and there is no indi-
cation that it was assigned. This is an example of how
inaccuracies can arise because of the absence of sufficient
long-range constraints.
The key hydrogen bonding between the non-base-paired
G4(14) amino proton to the chromophore O8, and
between the non-base-paired G3(13) amino proton to the
ring oxygen of the E sugar, which account for the speci-
ficity of chromomycin for a GC step, is essentially the
same in 1d83 and the shift-based structure (Figure 6b,
Table S4 of the Supplementary material). The difference
between the shift-based structure and 1d83 is in the
hydrogen-bond contacts made by the slowly exchanging
D-HO4. D-HO4 makes one hydrogen bond to the ring
oxygen of E in the 1d83 structure, but makes two hydro-
gen bonds to oxygen atoms on the A-sugar in the shift
structure. Also, a hydrogen bond from the E-HO3 proton
to the backbone of A8 is indicated in both structures, but
targets the O4 oxygen in the 1d83 structure, and could
alternatively target one of the phosphate oxygens in the
shift-based structure (Table S4 of the Supplementary
material). E-HO3 is not in slow exchange, and this hydro-
gen bond is likely to be labile, because of fluctuation at
the terminal A8.
Position of the hydrophilic sidechain
The hydrophilic sidechain of the chromophore was
observed to adopt more than one possible conformation.
On its own, pseudocontact shift and NOE concurrence
was not sufficient to define the orientation of this
sidechain. Noting the absence of an NOE between the
chr-H5′ methyl group and the C-sugar H6 methyl group,
and excluding conformers for which these two groups are
within NOE contact, reduced the allowed sidechain con-
formations. A sample orientation of the chromophore
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Figure 7
Portion of the NOESY spectrum of a 2 mM
sample of d(TTGGCCAA)2 with
chromomycin-A3 and Co2+ in 90% H2O, 10%
D2O, showing NOE connectivities between
the slowly exchanging HO4 proton on the
D-sugar and protons on the A, D and E
sugars.
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sidechain that complies with the data is shown in
Figure 6c for chromophore residue 33 in the shift + NOE
restrained structures. There is still more than one rotamer
about the C3–C1′ bond, but the positions of the methyl
groups are quite well defined. A possible hydrogen bond
between chr-HO4′ and the phosphate oxygen at the
C5–C6 step is indicated, because these are 3.2 ± 0.5 Å
apart. This hydrogen bond was postulated in the earlier
study, as well as a second hydrogen bond between chr-
HO3′ and the phosphate oxygen at the C6–A7 step. Here
only one of the three conformers shown presents such a
hydrogen bond. Figure 6c might represent one of many
allowed conformations for a rather flexible sidechain. This
is evidenced by the various conformations that are sup-
ported by the pseudocontact shift (and NOE) data, the
conflicts between NOEs and pseudocontact shifts for this
sidechain, as well as by the absence of slowly exchanging
chr-HO3′ or chr-HO4′ protons, which would be expected
for stable hydrogen bonds.
Metal coordination
The NMR spectra of the cobalt complex of d(TTGGC-
CAA)2 with chromomycin provide the opportunity to
examine the coordination geometry of the metal in solu-
tion. Because only the four chromophore oxygen ligands
were known, it was assumed initially that the divalent
cation would be in tetrahedral coordination. The crystal
structure revealed a complex in octahedral coordination
with two water molecules acting as the fifth and sixth
ligands. The crystal structure was never published. Prop-
erties of the paramagnetic spectrum reveal clearly that the
complex is octahedral in solution [9]. We postulate that
the two water molecules occupy adjacent vertices of the
octahedron, opposite the O1 atoms of the chromophores.
They are stabilized by hydrogen bonds of less than 2 Å to
a chromophore-O8 atom and to a guanine 4(14) N2. Each
water oxygen atom makes a 1.9 Å coordination bond to the
metal. Figure S3 in the Supplementary Material illustrates
a model for the water coordination at the metal and the
proposed hydrogen bonding, which would stabilize it.
Remarks on pseudocontact shift refinement
The pseudocontact shifts have enabled a very high-resolu-
tion structure of a DNA complex to be obtained. The
study highlights the detail with which DNA conformation
can be determined and represents the first study in which
such a level of detail has been available for DNA. The
global nature of the constraints also precisely defines the
overall extended structure of the DNA and leads to modi-
fication of an earlier structure determined using NOEs.
The distortions previously observed in base-pair planes
and in the curvature of the DNA axis are absent in the
new structure. In our hands, use of a smaller NOE data set
than that used for 1d83, as well as the use of distance con-
straints based on the two-spin approximation, does not
give rise to well-converged structures but also does not
cause the distortions observed in 1d83. One of the possi-
ble explanations for this is that many of the NOEs in the
central part of the complex, where many of the discrepan-
cies are apparent, are in fact a sum of an intra- and inter-
molecular NOE, because of the C2 symmetry. If these
NOEs are assigned to a single interaction and used in a
relaxation matrix refinement, they might contribute to the
observed distortions. A symmetrical dimer does not have
this complicating effect on analysis of pseudocontact
shifts, but rather the reverse; it simplifies the spectrum by
a factor of two, although supplying a restraint to each atom
of a symmetrically related pair.
For the most part, the complex was over-determined in
terms of the number of restraints available for solving the
structure. This was not the case for the chromophore as
well as parts of the C-sugar, for which pseudocontact shift
restraints could not be obtained because of the presence of
contact shifts [9]. Additionally, motional averaging affected
our ability to determine the structure of more flexible
regions (terminal base pairs and the aliphatic sidechain),
and conflicts between NOEs and pseudocontact shifts
occurred in those regions. Such regions are less well deter-
mined, although not because of a lack of constraints.
Having two independent measurements (i.e. NOEs and
pseudocontact shifts) allows one to determine unequivo-
cally whether an average of multiple conformers is being
sampled, because the geometric averaging will lead to con-
flicting constraints. The availability of an excess of struc-
tural constraints in such a case might make it possible to
ascertain a family of discreet conformers, or to resolve the
conflicts by time-averaging in molecular dynamics [10]. It
is interesting to note that conflicts between NOEs and
pseudocontact shifts were not obtained for ribose protons,
indicating that sugar repuckering does not make a signifi-
cant contribution to restraint averaging.
Biological implications
The power of nuclear magnetic resonance (NMR) is in
providing atomic-level details of biological macromole-
cules in solution. This study shows that the addition of
pseudocontact shifts has significantly improved the accu-
racy of the structure of a DNA–chromomycin complex,
and that the traditional NOEs used to define macromole-
cular structure are not able to provide the long-range
constraints necessary for defining the DNA to high reso-
lution. This study demonstrates that DNA does not
undergo the severe distortion that had previously been
postulated upon binding to a drug in the minor groove. A
drug of the size of chromomycin can easily be accommo-
dated by local widening of the minor groove, with no
long-range effects propagated beyond three or four base
pairs of the DNA helix. The presence of the paramag-
netic metal had the additional advantage of spreading out
the resonances over a wide region, enabling ready identi-
fication of slowly exchanging hydroxyl and amide
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protons, and leading to a modified interpretation of the
hydrogen bonding essential to drug recognition and
binding. In rational drug design, it is crucial to have an
accurate atomic resolution target site for assessing elec-
trostatic and hydrophobic interactions with a library of
small molecules. This structure should provide a useful
template for designing drugs that bind in the minor
groove of DNA.
Materials and methods
NMR experiments
d(TTGGCCAA)2 was purchased from Oligo’s Etc., CoCl2 and ZnCl2
from Sigma and chromomycin-A3 from Calbiochem. NMR samples
were obtained as described previously [9]. Sample concentrations of
2 mM were used for 1H, 31P and 13C experiments. 1H and 31P NMR
experiments have been described previously [9]. 13C-1H HMQC [11]
were carried out on natural abundance 13C samples. In the t1 dimen-
sion, between 670 and 900 complex data points were collected with a
spectral width of 9000 Hz, for two different 13C transmitter offsets, in
order to cover the range of 13C chemical shifts. States phase-cycling
was used for quadrature detection in ω1. Data was zero-filled to 2048
complex points in ω1 prior to Fourier transformation. In the t2 dimen-
sion, 2048 or 1024 complex data points were collected using a spec-
tral width of 20 kHz or 6 kHz, for the cobalt or zinc samples
respectively. 128 acquisitions per Fourier induction decay with a relax-
ation delay of 0.6 s were obtained. The WURST sequence [12] was
used for 13C decoupling during t2. NMR data were transferred to
Indigo workstations (Silicon Graphics, Mountain View, CA), processed
using the program NMRPipe [13], and analyzed using the program
SPARKY 3.0 [14].
Restrained molecular dynamics
228 1H and 14 31P pseudocontact shifts were obtained as described
previously [7,9]. Additionally a data set containing 160 13C pseudo-
contact shifts was obtained experimentally by taking the difference
between shifts observed in the HMQC spectra for the paramagnetic
(Co) and diamagnetic (Zn) forms of the complex. 788 NOEs for the Zn
complex were also measured [7]. The pseudocontact shift energy
penalty was included in the programs X-PLOR 3.1 and X-PLOR 3.8
[7,15,16], and used to carry out additional simulated annealing refine-
ments. Starting structures were those that were previously refined
using 1H and 31P pseudocontact shifts only [7]. A family of ten struc-
tures was calculated for each of three different starting conditions and
two different simulation conditions. The starting conditions were: a
structure refined from the existing PDB structure, 1d83; a structure
refined from a canonical B-DNA; and a structure refined from canonical
A-DNA. The simulation conditions included using either pseudocontact
shifts alone, or pseudocontact shifts plus NOEs as experimental con-
straints during the simulation. During simulated annealing, geminal
protons were excluded from the pseudocontact shift data set (with the
exception of C5 H2′/H2′′ and C6 H2′, H5′/H5′′). Simulation conditions
were used as before [7]. Structures were then minimized with the full
data set, including geminal protons, and the pseudocontact shift force
constant was ramped from 0.5 to 50 kcal/mol.ppm2. Final structures
were relaxed for 500 rounds of minimization in the absence of any
experimental constraints, followed by 1000 rounds of constrained mini-
mization with shift and/or NOE restraints present at reduced force con-
stants (5 kcal/mol.ppm2 for pseudocontact shifts, 50 kcal/mol.Å2 for
the NOE scale factor). 
Accession numbers
The coordinates are available in the PDB (accession numbers 1ekh
and 1eki). The chemical shift tables have been deposited at the Bio-
magnetic Resonance Data Bank.
Supplementary material
Supplementary material including three figures showing an overlay of
individual bases, a superposition of the new structure on 1d83 and a
model of metal coordination geometry; plus four tables, delineating the
chemical shifts in the zinc and cobalt complexes, the stereospecific
assignment procedure, and the hydrogen-bonding network, is available
at http://current-biology.com/supmat/supmatin.htm.
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